Introduction
Programmed cell death (PCD) or apoptosis plays a critical role not only during embryonic development and cellular homeostasis in the adult, but also in the clearance of invading pathogens by host tissues (Weinrauch and Zychlinsky, 1999) . Multicellular organisms have several host defense systems to prevent proliferation and propagation of invading pathogens. One of the most ancient types of immune reactions is the elimination of pathogen infected cells by PCD (Weinrauch and Zychlinsky, 1999) . In addition, infected host cells produce defensins and pro-in¯am-matory cytokines that play an important role in the clearance of the invading pathogen. In plants, pathogens trigger a specialized form of PCD known as the hypersensitive response (HR) and the production of defensins and salicylic acid, a phenolic signaling molecule that induces systemic acquired resistance (SAR) (Feys and Parker, 2000) . In higher multicellular organisms, appropriate development and tissue homeostasis require highly regulated activation of PCD. Whereas PCD induced during the defense against pathogens in both animal and plants is accompanied by the production of pro-in¯ammatory molecules, that associated with tissue development and homeostasis is devoid of an in¯ammatory response (Jacobson et al., 1997; Feys and Parker, 2000) . Despite these dierences, both types of PCD are associated with the induction of similar morphological features including membrane blebbing, cytosolic fragmentation, nuclear condensation and fragmentation as well as biochemical events such as degradation of genomic DNA, proteolysis and redistribution of membrane lipids (Kerr et al., 1972; Wyllie, 1980) . These changes associated with PCD, generally referred as apoptosis, are largely due to the activation of caspases, a family of cysteine proteases (NuÂ nÄ ez et al., 1998; Kumar, 1999) . Mammalian cells have more than 14 caspases and synthesize them as enzymatically inactive forms. Once an apical caspase such as caspase-8 or caspase-9 is activated, the protease activates downstream (eector) caspases and noncaspase proteases causing massive proteolytic activity in the cytosol and the orderly demise of the cell (Kumar, 1999) . Therefore, activation of apical caspases is a critical step in that it determines cell fate and as such is strictly regulated by speci®c regulatory molecules. 1997a). Both Ced-3 and Ced-4 have N-terminal caspase-recruitment domains (CARDs) that associate with each other through homophilic interaction between their CARDs Wu et al., 1997a; Irmler et al., 1997; Seshagiri et al., 1998) . Ced-4 has an additional module, the nucleotide-binding domain (NBD), which is essential for Ced-3 activation (Chinnaiyan et al., 1997b; Chaudhary et al., 1998) .
Biochemical approaches to identify cytosolic factors that activate human caspase-3, an eector caspase, revealed a cell death machinery in mammals similar to that identi®ed by genetic studies in C. elegans. Puri®cation of caspase-3 activators and functional reconstitution assays revealed caspase-9 as a direct activator of caspase-3 (Zou et al., 1997) . Apaf-1 was identi®ed as the activator of caspase-9, a step that requires dATP/ATP and cytochrome c, a ligand for Apaf-1 released from damaged mitochondria . Sequence analysis revealed that Apaf-1 is structurally and functionally related to the nematode Ced-4 (Zou et al., 1997) . The N-terminal CARD of Apaf-1 is required for interaction with the CARD of caspase-9 and is fused to a centrally located NBD (Zou et al., 1997; Li et al., 1997) . The NBD of Apaf-1 and Ced-4 is homologous to the ABC-ATP/GTPase module that is present in a large number of proteins with diverse biological function (Walker et al., 1982) . Both the ABC domain present in these ATP/GTPases and the NBD of Apaf-1/Ced-4 contain conserved binding sites for nucleotide (P-loop or Walker's A box) and Mg 2+ (Walker's B box) (Walker et al., 1982; Seshagiri and Miller, 1997; Chinnaiyan et al., 1997b; Chaudhary et al., 1998; Jaroszewski et al., 2000) . In addition, the NBD of both Apaf-1 and CED-4 mediates protein homooligomerization, a function that is critical for Apaf-1/Ced-4 activity (Chaudhary et al., 1998; Yang et al., 1998; Hu et al., 1998a; Srinivasula et al., 1998) . Therefore, we refer here to the NBD present in Apaf-1 and homologues as nucleotide-binding oligomerization domain (NOD) and to structurally related NOD-containing proteins such as Apaf-1 and Nod1 as Nods. Although the NOD mediates both nucleotide binding and oligomerization, studies with Apaf-1 and Ced-4 have not revealed dierent subdomains within the NOD that mediate these activities Yang et al., 1998) .
Apaf-1 also has a C-terminal regulatory domain containing WD40 repeats (WDR), which is essential for the ability of Apaf-1 to respond to cytochrome c (Zou et al., 1997; Li et al., 1997; Hu et al., 1999) . Analyses of mice lacking Apaf-1 and caspase-9 revealed that Apaf-1 and caspase-9 play important roles in apoptosis during development of multiple tissues including brain, limb and eye, comparable to that of Ced-4 in the nematode (Cecconi et al., 1998; Yoshida et al., 1998) . Furthermore, Apaf-1 and caspase-9 mediate p53-dependent cell death induced by chemotherapeutic drugs, UV and g-irradiation (Cecconi et al., 1998; Yoshida et al., 1998; Soengas et al., 1999) .
Ced-4 and Apaf-1 activate target caspases through induced proximity
The structural similarity between Ced-4 and Apaf-1 re¯ects the fact that both molecules use a common mechanism to activate their target caspases. The Nterminal CARD of each protein mediates interaction with that of the target caspase, whereas the NOD selfassociates and oligomerizes (Figure 1a) . Through their NODs and CARDs, Apaf-1 and presumably Ced-4 form a large protein complex containing oligomerized Apaf-1/Ced-4 bound to caspase-9 or Ced-3, respectively, which allows proximity and enzymatic selfactivation of the bound caspases (Yang et al., 1998; Hu et al., 1998a; Srinivasula et al., 1998; Salvesen and Dixit, 1999) . The mechanism by which these caspases are activated by Ced-4 and Apaf-1 appears to be similar to that proposed for activation of caspase-8 in the death-inducing receptor complex (DISC) (Muzio et al., 1998; Salvesen and Dixit, 1999) . Caspase-8 is another mammalian apical caspase linked to death receptor signaling pathways (Boldin et al., 1996; Muzio et al., 1996) . Caspase-8 binds to its upstream activator FADD (also called MORT1) through an homophilic interaction via their N-terminal CARD-related a helixrich domains, namely the death eector domains (DEDs) (Boldin et al., 1995; Chinnaiyan et al., 1995; Bertin et al., 1997) . FADD also has a C-terminal death domain (DD) which binds to DD-containing receptors or adapter molecules and mediates recruitment of caspase-8 to the membrane receptor complex triggered upon binding of the trimeric ligand (Boldin et al., 1995 (Boldin et al., , 1996 Chinnaiyan et al., 1995; Muzio et al., 1996) . Trimerization of death receptors (DRs) induces the proximity and activation of caspase-8 (Muzio et al., 1998) . A model for caspase-8 activation in the tumor necrosis factor receptor-1 (TNFR1) signaling pathway is shown in Figure 1b . Although the caspase-8/DISC and caspase-9/Apaf-1 machineries have signi®cant dierences, enzymatic activation of caspases in both systems appear to require binding to their upstream regulators and the induced proximity of apical caspases though oligomerization (or trimerization) .
Regulation of Ced-4/Apaf-1 oligomerization and caspase recruitment
Because caspase activation plays a critical role in determining cell fate, oligomerization of caspase activators such as Apaf-1 and the subsequent recruitment of target caspases to their activators are highly regulated events. For example, activation of Ced-3 by Ced-4 is regulated by Ced-9. The pro-survival Ced-9 binds Ced-4 and sequesters CED-4 from the cytosol to the mitochondria (Spector et al., 1997; Chinnaiyan et al., 1997a; Wu et al., 1997a; Seshagiri and Miller, 1997) . Ced-9 can form a ternary complex with Ced-3 and Ced-4 (Chinnaiyan et al., 1997a; Wu et al., 1997b) . Ced-9 binds the NOD of Ced-4 and inhibits NODProteins containing nucleotide-binding oligomerization domains N Inohara and G Nun Äez mediated Ced-4 oligomerization, thereby preventing Ced-3 activation (Chaudhary et al., 1998; Yang et al., 1998) . Genetic studies indicate that ced-4 function is regulated by ced-9 and that of ced-9 is regulated by egl-1, a gene that acts upstream of ced-9 during PCD in neurons (Trent et al., 1983; Conradt and Horvitz, 1998) . Egl-1, a member of the BH3-only proteins of the Bcl-2 family, binds to Ced-9 and induces the release of Ced-4 from the Ced-3/Ced-4 complex (Conradt and Horvitz, 1998; del Peso et al., 1998 del Peso et al., , 2000 Chen et al., 2000; Parrish et al., 2000) . Because a gain-of-function mutant of Ced-9 still binds to Ced-4 in the presence of Egl-1, these results suggest that the interaction between Ced-4 and Ced-9 (and presumably Ced-4 oligomerization) plays a critical role in the regulation of Ced-4 activity and PCD in the worm. Similar to Ced-9 in the C. elegans system, Bcl-2 family members regulate apoptosis through Apaf-1 and caspase-9 in mammalian cells (Green and Reed, 1998) . However, the Ced-9 homologue Bcl-2 does not appear to interact directly with Apaf-1, although initial studies demonstrated a weak interaction between Apaf-1 and certain members of the Bcl-2 family (Pan et al., 1998; Hu et al., 1998b; Inohara et al., 1998a; Song et al., 1999; Moriishi et al., 1999; Newmeyer et al., 2000; Conus et al., 2000) .
Mounting evidence indicate that prosurvival Bcl-2 family members regulate Apaf-1 activity by controlling cytochrome c release from mitochondria (Yang et al., 1997; Green and Reed, 1998; Desagher and Martinou, 2000) . The C-terminal WDR of Apaf-1 is required for cytochrome c-dependent caspase-9 activation, whereas the nematode Ced-4 lacks a corresponding WDR (Zou et al., 1997; Li et al., 1997; Hu et al., 1999) . In addition to a role in the recognition of cytochome c, the WDR of Apaf-1 interacts with its NOD and inhibits the ability of Apaf-1 to activate caspase-9 Adrain et al., 1999) . Thus, the WDR of Apaf-1 appears to be functionally equivalent to Ced-9 in that both repress Apaf-1/Ced-4 activity through inhibition of NOD-mediated oligomerization. Moreover, both the WDR of Apaf-1 and Ced-9 link upstream death signals to caspase activation. It is still unclear how non-speci®c activation or aggregation of caspase activators such as Apaf-1 is prevented. Ligand-independent apoptosis by TNFR1 is regulated by BAG4 (also called SODD), a member of the BAG family which facilitates the function of Hsp70 and related unfoldases (Takayama et al., 1999; Jiang et al., 1999) . Activation of caspase-9 by Apaf-1 is also inhibited by Hsp70 and Hsp90 Pandey et al., 2000) . Biochemical and genetic analyses suggest that Mac1, a member of AAA family, of ATPases inhibits Ced-4 function (Wu et al., 1999) . However, a physiological role for Hsp proteins and MAC-1 in controlling nonspeci®c activation of Apaf-1/Ced-4 and preventing signal-independent apoptosis remains to be determined.
Identi®cation of Apaf-1-like molecules: Nod1 and Nod2
At the time that Apaf-1 was identi®ed, it was noted that the NOD of Apaf-1 has signi®cant structural homology to a class of plant cytosolic disease resistance (R) gene products, which mediate the HR in plants (van der Biezen and Jones, 1998; Aravind et al., 1999; Koonin and Aravind, 2000) . Plants have a large number of R genes to defend against a wide array of pathogens and each R gene protects plant cells from speci®c pathogen(s) (Flor, 1971; Dixon et al., 2000; Feys and Parker, 2000) . R gene products appear to recognize pathogen-derived components, called Avirulence factors (Avrs), though their leucine-rich repeats (LRRs) (Parniske et al., 1997; Dixon et al., 2000) . Genetic variation in LRR sequences of R proteins determines the speci®city of R proteins for pathogens (Parniske et al., 1997) . A class of R proteins contains a transmembrane domain and extracellular LRRs and presumably recognize Avrs at the cell surface (Dixon et al., 2000) . Another class of R proteins is cytosolic and contains a N-terminal a helix rich (formerly called leucine zipper-like) or Toll/interleukin-1 receptor (TIR) domain, a centrally located NOD and C-terminal LRRs (Dixon et al., 2000) ( Figure 1 ). Thus, both Apaf-1 and cytosolic plant R gene products regulate PCD with their C-terminal domain mediating the response to speci®c ligands. Despite their structural and functional similarity, the molecular function of R proteins and the functional link between mammalian Apaf-1 and plant R proteins remains poorly understood. The recent identi®cation of Apaf-1-like molecules by bioinformatics has revealed multiple NODcontaining proteins and expanded our understanding of NOD function in the regulation of apoptosis and innate immunity (Figure 1 ). Initial homology searches identi®ed two related proteins, Nod1 (also called CARD4) and Nod2, which have one and two Nterminal CARDs, respectively, centrally located NODs, and C-terminal domains containing leucine-rich repeats (LRRs) (Bertin et al., 1999; Inohara et al., 1999; Ogura et al., 2001a) . Overexpression of Nod1 and Nod2 in mammalian cells enhances caspase-9-induced cell death and, unexpectedly, induces NF-kB activation (Bertin et al., 1999; Inohara et al., 1999; Ogura et al., 2001a) . Remarkably, both Nod proteins and plant R proteins have centrally located NODs and C-terminal LRRs, although R proteins have an a helix rich or TIR domain instead of a CARD on their N-termini (Dixon et al., 2000) . The structural similarity between these Nods and plant R proteins led to studies that suggest that Nod1 and Nod2 act as cytosolic receptors for bacterial lipopolysaccharide (LPS), a well-characterized product of Gram-negative bacteria Ogura et al., 2001a) . Expression of Nod1 or Nod2 confers LPS responsiveness in human embryonic kidney (HEK) cell lines which normally do not respond to LPS Ogura et al., 2001b) . Although Nod1 and Nod2 mutant proteins lacking LRRs still activate NF-kB, they do not mediate LPS responsiveness, suggesting that their LRRs are essential for LPS-mediated NF-kB activation . Importantly, a frameshift mutation resulting in a truncated protein lacking part of the LRRs and single nucleotide polymorphisms in the Nod2 gene are associated with susceptibility to Crohn's disease (Hugot et al., 2001; Ogura et al., 2001b) . The truncated Nod2
Figure 2`Proximity-Activation' models of caspase and NF-kB activation. Apaf-1 and the TNFR1 complex induce the proximity of caspase-8 and caspase-9, respectively, whereas Nod1 and the TNFR1 complex induce the proximity of IKK complexes through RICK and RIP, respectively. The TNFR1 complex contains TRADD and recruitment of procaspase-8 to TNFR1 complex requires FADD. Nod1 functions as an intracellular receptor for LPS and trimeric TNFa induces trimerization of TNFR1 complexes, whereas cytochrome c mediates oligomerization of Apaf-1. ).
Nod1 and Nod2 activate NF-kB through an induced proximity mechanism
Analysis of the molecular function of Nod1 and Apaf-1 revealed a striking similarity between the mechanism of caspase activation and that of NF-kB activation . Whereas apoptosis mediated by membrane-associated DRs and Apaf-1 is dependent on activation of caspase-8 and caspase-9, respectively (Salvesen and Dixit, 1999), NF-kB activation mediated by DRs and Nod1 is dependent on two related molecules, RIP and RICK, respectively (Hsu et al., 1996; Zhang et al., 2000; Bertin et al., 1999; . RIP and RICK (also called RIP2 and CARDIAK) are signaling molecules with highly homologous N-terminal kinase domains McCarthy et al., 1998; Thome et al., 1998) . RIP contains a C-terminal DD that mediates its recruitment to DR signaling complexes such as those formed by TNFR1 ligation (Stanger et al., 1995; Hsu et al., 1996) , whereas RICK has a C-terminal CARD that mediates its recruitment to Nod1 and Nod2 (Bertin et al., 1999; Inohara et al., 1999; Ogura et al., 2001a) (Figure 3a ). In addition, RIP and RICK contain intermediate regions (IM) between the kinase domain and CARD/DD that binds to IKKg (also called NEMO, FIP3, IKKAP1), the regulatory subunit of I-kB kinase (IKK) complex (Yamaoka et al., 1998; Rothwarf et al., 1998; Li et al., 1999; Mercurio et al., 1999; Ye et al., 2000; Inohara et al., 2000; Poyet et al., 2000) . As trimerization of DR complex and oligomerization of Apaf-1 cause the proximity of target caspases and caspase activation, trimerization of the DR complex and oligomerization of Nod1 induce the proximity of IKK complex through RIP and RICK, respectively (Figure 2 ) (Zhang et al., 2000; Poyet et al., 2000) . Arti®cial oligomerization of RIP or RICK and IKK subunits, which stimulates the induced proximity, are sucient to activate NF-kB Poyet et al., 2000) . The similarity between the mechanism involved in apical caspase activation and that proposed for NF-kB activation may explain why the regulators of both signaling pathways have common domains including CARDs, DDs and NODs (Figures 1 and 2) . Furthermore, these studies suggest that the apoptosis machinery resembles the machinery used by host cells to eliminate invading pathogens. It is interesting to note that Ced-4 and Apaf-1 are regulated by two mitochondrial proteins Ced-9 and cytochrome c, respectively. Furthermore, the symbiotic theory predicts that the mitochondrion is an organelle derived from former Gram-negative bacteria, suggesting that an ancestral mechanism derived from bacteria might be involved in the acquisition of the cellular machineries for PCD and defense against pathogens in multicellular organisms.
Nods: a family of NOD-containing proteins
Homology searches have revealed a growing family of structurally related proteins with centrally located NODs (referred to here collectively as Nods and shown in Figure 1 ). CIITA is a signaling molecule that activates transcription of MHC class II (MHCII) genes. CIITA is homologous to Nod1 and Nod2 (Steimle et al., 1993; Inohara et al., 1999; Ogura et al., 2001a) in that it has an N-terminal transcription activation domain, central NBD (GTPase) and Cterminal LRRs (Steimle et al., 1993; Chin et al., 1997) ( Figure 1 ). CIITA acts as a non-DNA binding transcription factor in the nucleus, although it localizes in both the nucleus and cytosol (Riley et al., 1995; Zhou and Glimcher, 1995; Cressman et al., 1999; Harton et al., 1999) . The N-terminal transactivation domain is reported to bind several transcription regulators including protein acetyltransferase family members (Kretsovali et al., 1998; Fontes et al., 1999; Sisk et al., 2000; Spilianakis et al., 2000; Kanazawa et al., 2000) . Similar to Nod1, the NOD of CIITA is essential for its activity and mediates MHCII gene transcription and self-association (Chin et al., 1997; Harton et al., 1999; Linho et al., 2001) . Mutations in the NOD or LRRs render CIITA de®cient in MHCII gene transcriptional activity, resulting in lack of MHCII protein expression and severe immunode®-ciency in humans (Steimle et al., 1993; Bontron et al., 1997) . These observations suggest that CIITA is an Apaf-1-and Nod1-like molecule, although the ligand(s) that presumably binds to its LRRs has not been identi®ed. Moreover, CIITA produced from an alternative ®rst exon in dendritic cells has an N-terminal CARD (Muhlethaler-Mottet et al., 1997; Nickerson et al., 2001) . Dendritic cell-type CIITA exhibits approximately 100-fold more transcriptional activity than CARD-less CIITA (Nickerson et al., 2001) . However, the CARD of CIITA does not bind to that of RICK and CIITA does not induce NF-kB activation, whereas Nod1 induces NF-kB activation but not MHCII gene activation (Nickerson et al., 2001) . CIITA, unlike Nod1, is devoid of an intrinsic apoptosis function, although CIITA inhibits transcription of the FasL gene (Gourley and Chang, 2001; Nickerson et al., 2001 ). These observations suggest that, despite their structural homology, CIITA and Nod1 regulate a dierent set of genes and the CARD of CIITA might interact with an as yet unidenti®ed protein which enhances MHCII gene transcription (Nickerson et al., 2001) . Neuronal apoptosis inhibitor protein (NAIP), which is located in the same chromosomal region as the spinal muscular atrophy (SMA) locus, also has a central NOD and C-terminal LRRs (Roy et al., 1995) . Instead of a CARD, the N-terminus of NAIP is composed of three N-terminal baculovirus-inhibitor-ofOncogene Proteins containing nucleotide-binding oligomerization domains N Inohara and G Nun Äez apoptosis repeats (BIRs) (Roy et al., 1995) . Mutations associated with SMA were found initially in the NAIP locus and in the gene for survival motoneuron (SMN), a gene located near NAIP. Recent analyses of mice lacking SMN suggest that SMN is the most critical gene for SMA development (Schrank et al., 1997; Hsieh-Li et al., 2000) . Mouse NAIP is mainly expressed in macrophages, but not in brain, and is encoded by multiple highly homologous genes, namely naip1 to naip7 in the same chromosomal region (Yaraghi et al., 1998; Diez et al., 2000) . Overexpression of NAIP was reported to inhibit apoptosis of neuronal and non-neuronal cells (Liston et al., 1996) and mice lacking naip1 showed increased vulnerability to kainic acid-induced cell death (Holcik et al., 2000) . However, naip1 de®cient mice appeared normal and exhibited no consistent histological or morphological abnormalities (Holcik et al., 2000) . On the other hand, naip2 or naip5 appear to correspond to Lgn1, a locus which renders macrophages permissive to replication by Legionella pneumophila, a pathogenic Gram-negative bacteria (Scharf et al., 1996; Diez et al., 2000; Growney and Dietrich, 2000) . This suggests that NAIP may be involved in the regulation of innate immunity, although the mechanism of tolerance to L. pneumophila is still unknown.
BLAST analysis also identi®ed several Nod1-like proteins which are poorly characterized (Figure 1) . Mater, the oocyte-speci®c maternal protein has an Nterminal uncharacterized domain, central NOD and Cterminal LRRs (Tong and Nelson, 1999; Tong et al., 2000a) . Although the molecular function of Mater remains unknown, the null Mater mutation is lethal at the two-cell embryo stage, suggesting that Mater plays an essential role on cell viability at early stages of embryogenesis (Tong et al., 2000b) . Defcap (also called Card7, Nac and Nalp1) is a multi-domain protein containing a N-terminal pyrin domain, a central NOD, LRRs, incomplete pyrin domain and C-terminal CARD (Bertin and DiStefano, 2000; Hlaing et al., 2001; Chu et al., 2001; Martinon et al., 2001) . It was reported that overexpression of Defcap induces or promotes cell death and that Defcap binds to caspase-2, caspase-9 (Hlaing et al., 2001) , Apaf-1 (Chu et al., 2001) and Asc1 (Martinon et al., 2001) . A critical role for Defcap in Apaf-1 function has been suggested based on studies with antisense oligonucleotides (Chu et al., 2001) . However, the physiological function of Defcap is unclear, particularly when there is no evidence that mice have a Defcap orthologue (Inohara and NunÄ ez, unpublished) . The pyrin domain of Defcap (Nalp1) was demonstrated to be an a helix-rich homophilic protein/protein interaction domain, as their related CARD, DED and DD (Martinon et al., 2001) .
Comparison between Apaf-1-related proteins and other ABC-containing proteins All NODs in mammalian and plant Apaf-1/Nod1-like proteins have residues at catalytic sites which are essential for binding and hydrolysis of Mg 2+ -ATP or -GTP and are predicted to share common nucleotide binding folds with ATP-binding cassettes (ABCs) of members of the ABC ATPase/GTPase superfamily (Seshagiri and Miller, 1997; Chinnaiyan et al., 1997b; Chaudhary et al., 1998; Jaroszewski et al., 2000) . Point mutations in the phosphate chain binding site (also called P-loop or Walker's A box) of Apaf-1, Ced-4, Nod1, Nod2 and CIITA resulted in loss-offunction (Seshagiri and Miller, 1997; Chinnaiyan et al., 1997b; Chaudhary et al., 1998) . Indeed, Apaf-1 has been demonstrated to hydrolyze ATP . These observations suggest that the NODs are active purine nucleotide triphosphatases and belong to the superfamily of ABC ATPase/GTPase domains. The ABC-ATPase superfamily is the largest protein family known with over 1000 members which can be grouped as belonging to several subfamilies based on their biological function (Walker et al., 1982; Gorbalenya and Koonin, 1990; Holland and Blight, 1999; Langer, 2000) . This family is highly diverse and includes proteins which function in DNA repair, active transport, signaling and protein degradation (Walker et al., 1982; Gorbalenya and Koonin, 1990; Holland and Blight, 1999; Langer, 2000) . In addition to the ABC, many ABC-containing proteins contain one or more domains that serve to couple and coordinate several biochemical activities within one molecule. For example, RecA is composed of ABCATPase and DNA-binding domains and binding of ATP to RecA is involved in the induction of an allosteric conformational change that mediates high anity binding to DNA (Silver and Fersht, 1982) . Similarly, small G proteins such as Ras undergo conformational changes from active GTP-bound forms, capable of binding to eector molecules, to inactive GDP-bound forms (Sprang, 1997) . Biochemical studies suggest that dATP/ATP binding, but not dATP/ATP hydrolysis, to Apaf-1 is required for oligomerization of Apaf-1 and binding to caspase-9 (Jiang and Wang, 2000) . It is unknown how cytochrome c causes a conformational change in Apaf-1 or how dATP/ATP hydrolysis is utilized. Apaf-1 and related proteins might use ATP hydrolysis to verify the identity of their physiological partners and/or ligands. Alternatively, conformational transition of NODs may trigger ATP hydrolysis. For example, conformational transition between ADP and ATP binding forms of small G proteins is facilitated by GTP exchanging or releasing factors (Sprang, 1997) . It is unclear if the function of Apaf-1 and related proteins is facilitated by nucleotide exchanging or releasing factors, although puri®ed Apaf-1 has been demonstrated to hydrolyze ATP . The Drosophila Apaf-1 orthologue lacks the asparatic acid residue which supports an interaction with Mg 2+ at the conserved position in the Walker's B box Kanuka et al., 1999; Zhou et al., 1999) , suggesting that Drosophila Apaf-1 cannot hydrolyze ATP/GTP or that residues required for substrate binding are dierent from those Proteins containing nucleotide-binding oligomerization domains N Inohara and G Nun Äez found in related proteins. Because cell death is an irreversible act, reversible conformational transition between ADP and ATP binding forms of Apaf-1 may not be required for the regulation of apoptosis. Caspase-9 is active when bound to Apaf-1 but largely inactive in processed free form (Rodriguez and Lazebnik, 1999) , suggesting that the amount of caspase-9/Apaf-1 complex, but not the enzymatic turnover of Apaf-1, is critical for progression to apoptosis. CIITA has been proposed to act as a bridging protein between several transcription factors to form an active transcriptional machinery on the MHC class II promoter (Zhu et al., 2000) . Similarly, Apaf-1 seems to promote recruitment of caspase-3 to caspase-9 through the WDR in addition to enzymatic activation of caspase-9 . Such scaold' activity has also been observed in other ABC-ATPase containing proteins. For example, recruitment of MutH to mutL requires the mutS/ DNA complex in the DNA repair system (Harfe and Jinks-Robertson, 2000) . Furthermore, there are numerous ABC containing subunits which are required for the formation of functional multipeptide complexes including the FoF1 ATPase (Futai, 1997) . These observations suggest that Apaf-1 and related proteins may have scaold-like activity as a second function in addition of being activators of eector enzymes during apoptosis.
Conclusion
Recent studies have identi®ed a family of Apaf-1-related proteins that are referred to here collectively as Nods. These Nod proteins contain centrally located NOD modules that are homologous to the ABCATPase domain found in a large number of proteins with diverse function. Apaf-1 and Ced-4, the ®rst NOD-containing proteins to be identi®ed, play a critical role in the regulation of PCD by promoting the activation of their target caspases through NOD oligomerization. The NOD of Apaf-1 and Ced-4 is critical for functional activity and is subjected to tight regulation. In addition to Apaf-1 and Ced-4, a growing family of Nods has recently emerged. Some of these Nod proteins, including Nod1 and Nod2, appear to be functional and structural homologues of plant R proteins, a large family of proteins involved in plant resistance to bacteria, fungi and viruses. Future studies using mutant mice de®cient in Nods should clarify the physiological role of these NOD-containing proteins in vivo.
